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CALCULATED PROPERTIES AND SORPTION BEHAVIOR OF VARIOUS MOLECIJLES
James P. Ritchie and Edward M. Kober!

ABSTR:LT

Wae are investigating the relationships between several fundamental molecular properties
and a molecule’s observed sorption behavior on substrates such as charcoal, which oftan parailel
the molecule’s boiling point. We show that the boiling points of a large range of molecules can ba
predicted from the polanzability, size and dipole moment of the molecules. A more detailed
modal of the eiectrostatic and polarization interactions 1s developed using atom centered
multipole axpansions (ACME’s) of the electron density d.stnbution of a malecule. which 1s
derived from gb initio caiculations. We show that these interactions are extremely important
for polar moleculos and‘or substrates. and that they also play a roie for “non-polar® molecules
such as banzaene or ethylene.

NTRODUCTION

The physisorption of a mo:ecule on a surface results from interrwlecular forces between the
two species. These forces are typically divided into the four clusses of dispersion. polarization
onducticn), electrc:stanc and exchange-repuision. The energies of interaction that result from
these forces will depend upon the relative onentation of the tw O species and therr spacific
attnbutas. The polirnizabiiity and electrostatic propertis of a (v lecule are particularly
important since they contribute to the dispersion. polanzatio: and eleclrostatic forces These
constitute the aftrective intaractions and will determine how ughtly bound a sorbent will be

Wa are particularly interestea in the adsorption on charooal. which 18 a mar component of
many filtenng syxztems. There are a wide variety of charcoals avaiable which ditfer in the:r
source material and subsequent treatment. and these ext-* st different absorption
charactenstics. In addition. the charcoal surface 18 poorly characternized, being very
hgterogeneous and containing numerous non-carbon “r Juniies” which undoubtedly play
importenrt rolas in determining a matenal’'s umque sorr -n proparties. In order 1o miMiC such
“narrggular system, an extremely flaxible medei will be. raquiced Wae are developing such a
model based upon g:0m centered potentials. since this atlows us to construct a model surface
alom-by-atom Wae describe here our rasults in des >loping this model for the polanzabihity and
alectrostatic properties of vanous meincules and tt - roles of thase in the sorption procass

AESULTS * 1D DISCUSSION
Wae have previously shown that sorption prepartias can often be ralated to the boiing po-rit
of tha sorbent molecule 2 An axamp’e of 1his 15 gven in Figurg 1 which shows 1ha relatonship



between the capacity of a charcoal bed at a challenge concentration of 680 ppm, Q(680). and the
boiling point, BP (°K), of the challenge molecule. The compounds represented on this graph are
a variety of flouroshydrocarbons, and both polar and non-poiar species are present. Because of
such successfyl correlations, we have undertaken an analysis of the bniling poinis of a large
range of organic compounds. In particular, we have attempted to anaiyze them in terms of
dispersion, polanzation and slectrostatic interactions which could be simply related to the
polanzability, dipole momeant and size of the molecules.
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Dispersion. For strictly non-polar molecuies. the only attractive interac'icn is that of
dispersion. The standard formulation for the interaction between two atomir species, given by
London, is shown in eq. 1.3 Here, ag and ay, are the polarizabilities of ato ns a and b, rgp, 1s the
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distance between the centers of the acoms, and IPg and |Py, are .ne ionizaton potentials of a and b.
To extend this molecular sysiems, a simpie approach would be 10 replace the atomic quantities
with molecular quantities. That is, in place of g wouid be aa, the polarizability of molecule A.

A more sophisticated approach s 10 do a summation ovar the pairwise interactiont between all
atoms in molecule A with those in molecule B. 1his requirss the definition of atomic

polarizabilities within each molacule. though the IP's are ‘aken as the molecular IP's.

We have attempted 10 ute this squation directly witn the molscuiar polarizability and
diameter. The molecular polanzabilities and ionizatior. potentials are given in standard
sources. 4 The distance between molecular canters '+as laken as the avarage diameter of ine
molecule, which was determined from the molecules voiluma. Thig was either calculated from the
density of the | id.4 or from the “van der Waais" volumes ui the constituent functional groups
given by Bondi.® This simpie analysis was founa 1o work Quite well for the mono- and digtomic
gases. and even for CH4 and CF4. However. larger molecules ke CMe4 deviate substantially
from this correlation.

The failure of CMe 4 and other erge molecules to fit this simpie correlation iliustrates the
need '> consider the dispersion interaction as a sum of pairwise rtomic terms rather than on
simply @ molecular basis. In particular, we found that the bolling point of CMag is much r:igher
than the simple molecular correlation predicts which indicates that the dispersion interaction
must be much greater than predicled. Wheneq. 1 is ! as & summation over atomic terms,
the origin *r this is readily apparent. Because of the 1/r° weighting, the atoms at the suriaces
of the mol. _ules. where contact occurs. a @ responsible fur the major part of the interactior
Further. since the distances between these suriace atoms arg much smalie: than the
center-lo-center molecular distance. the disparsion interaction ‘s calculated to be mych larger



by this approach.

Howaever, this ngorous approach of evaluating the dispers:on interaction 1s somewhal
tedious to effectively employ in this situation of boiling points correlations bezause 2 1arge
number of gifferent intermolecular orientations should really be examined to arrive at some
sort of average intera-tion energy Consequently, we have aiso explored vanous empincal
relationships for non-polar organic molecules (those wath u < 0.5 D). Amazingly. we found a
very simple linear relatonship between In(BP) and In{(a) as shown in eq 2 which has a

(2) In(BP) = 0.683 In(a) ~ 4.153

correlation coefficient of r = 0.973 and o = 0.053. Ths relationship can be expressed
alternately as shown in 8q 3 and a plot of this 1s given in Figure 2. The 37 compounds

(3) BP =63.65 40-683

included in this cormrelation are a rather diverse grouo: straight-chain alkanes from methane to
dodecane as well several branched and cyclic alkanes: simple alkenes (up 1o C7}. benzene,
toluene and the xylenes: and several perflourn-akanes and akenes. Consigenr.g the great
structural diversity of these compounds. this high level of correlation based on a single
molecular parameter is quite outstanding. What 1s even more amazing s that rion-polar
inorganic compounds ranging from He to UFg aiso follow a similar relationship. though these
were not included in the present corralation.

From 8q. 1. we would expec! that the molecular size and onization potantial shoulid make
comae contribution to tha boiling point. The absance of a contribution from the ionization
potonual 1s not surpnsing since it does not vary dramaucally for organic compounds (10-12
eV).4 The inclusion of the molecular diameter resutted in the relauonship given in eq 4 with a

{4) In(BP) =0.960 In(a) - 0.920 In(d) + 5 104

corralation coefficient of r = 0 982 and o ~ 0.044. This represents only a shight improvement
in the qualty of the fit despite the appearance of a substannal contnbubion from the In(d) tarm
This can only occur if In(a) and In(d) are highly correlated. which they are. The relatonship
betwean 1s shown given in 6q. 5 (r = 0.921, 0 = 0 17) based on the data for 126 organic

(5) In(a) = 3.519 In(4}) - 3.693

compounds (both polar and non-polar).

Equation 5 leads 10 saevaral intarasting observations. The first i3 that the molscular
polarizability incraases only slightly faster than the molecular volume (which goes as dd) Ths
means that the polarizability of these co.npounds per unit volume is close to constant. This 1s
manitested by the fact that the refractive indices (which are a measure of the polanzabiity per
volumae) of these compounds do not vary substantially Since the charcoal surface will be
predominantly organic in nature. this suggests that we probably do not need a hygh level of
sophistication 10 accurately characterize dispersion interactions with it. The second intarasting
poirit 18 that eqs 5 and 2 can be combined 10 give the relationshp BP = A a2/d4 & which 15 not
far removed trom the simple retationshyp expected fromeq 1 ot BP = A a2:d6 (whare A i« a
proportionality constaniy The reduction in the axponent ot d probably has 10 do with the t3ct
that only the atoms on the surface of the molecule are predominantly involved in the dispearsion
intgraction This point will probably be made ciear by more sophisticated analyses.

These correlations with the boiling point imply that the energy of the dispersion intaractain
can be simply related to the polarizabiity of the molecule Therelore. simnle meathods of
calculating molacular polarizability becoms rather important It has long been known that the
molar refractivity of a compound (which 15 usually dstermined from (ha refractive index of the



liquid) can be readily, approximated as a sum of atomic refractrities where an atom's
refractivity will be somewhat dependent upon its bonding environment.5 It directly follows

from this that the spherically averaged molecular polarizability should be expressable as a sum
of atomic polarzabilities. (These alomic polarizabilities would be required to evaiuate the
dispersion interaction by a sum of pairwise atomic terms.) We have analyzed the reported
polarizabilities of 150 organic compounds by such a scheme to determine the atomic
polartzability contributions given in Table 1. The correlation between caiculated and observed
polarizabilities s shown in Figure 3 and is quite good (r2 = 0.966, o = 0.60). Wa refer 10 the
values given in the table as atomic polarizability contributions rather than directty as atomic
polarizanilities because there are high correlations within these values (particularly between
the values for H and C). This does not effect the ability to caiculate the molecuiar polarizability,
however. More sophisticated analyses are required to refine these as trué “atomic”
polarizabilities. We note n particular that the interactions between the induced dipgles on the
various atoms of the molecule need to be included as detailed by Applequist, et al.

TABLE 1

Polarizability Contributions {A3) of Various Functional Groups.

H-{C) 0224 C(sp3) 1432 CO 2108 O(sp3) 0.803
H-(N) 0494 C(sp?) 1.756 CIN  3.i50 N(sp3) 1.429
H-(O) 0.201 Cisp) 1.584 NO; 3643 N{ar) 0.897
F 0.498 C(ar) 1539 ONC 3.014
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Polanzation. The boiling points of L. olar molecules are all higher than they are predicted o
be based soigly on dispertion interactions, some by as much as 300°K. This clearly inGicates
that the polarization a1 d electrostatic forces play an important role in the intermolecuiar
interaction. To fu:ither Jelineale these effects. we approximate these molecules as consisting of
point dipoles centered .nside of polarizable spheres. The polarization and elactrostatic energies
of interaction between two molecules can be expressed as shown in eqs 6 and 7, respeciively.

(6) Epol--Kauzldﬁ

(1) Ees =-L ll2 Y da

Hare. 1 18 the molecular polarzability, Jd is the average molecular giameter and distance between
molecular centers, and u is the dipole moment of the molecule. K and L are geomaetric lactors

which depend upon the relative srientation of the dipole moments. Thow vaiues are on the order
of unity.



S.nze we have shown above that a = k d3. we will be unabie 1o disinguish bet.veen the
separate effects cf Eng; and Egg because the two values are very nighly correlated. Therefore -r
correglatons with boiling point we will use only one of these terms. We have selected to use Epo|
because this term is always present whereas the effect of Egg could be minimized by rapid
rotatons of the molecules and by interference effects from several neighbors. Combining this
with the term a0-583_ which was determined above as a modei for the dispersion forces. we
arnve at the relatlonship shown in eq 8 and ilustrated in Figure 4. This 1s based on data for

{8) BP=5367a0682., 16070 au? db . 63.05

104 organic compounds, and the ovarali fit 1s reasonably good ir = 0.913. ¢ = 32.6°K;.

The compounds used in this corralation. aithough rariging from non-polar 1o very polar iu
= 4D), did not include classes of compounds that strongly hydrogen-bond: alcohols. carboxyic
acids and amides. These compounds were all found to have significantly higher boiling points
than this model predicts. Our explanation of this s that the hydrogen bonding interachon 1s not
adequately represented by a dipole in a sphere model. althGugh we show in the next section that
this interaction 1S essentially electrostatic in nature. Overali. we find that the boiling point of a
molecule can be reasonably well predicted frcm s polanzability. size and dipole moment.

Elecirostaic interactons. Fcr a more exact descripton of the electrostatic intaractions.
we use the technue of atom centered multipole expansions (ACME's).8 Fust. the electron
density distnbution of a molecule 18 caiculated using ad /o methods (Gaussian 82), typically
at the 3-21G or 6-31G level. This distnbution i1s then described in terms of an expansion of
multipole moments centered on each atom of the molecule. Summantion through the octapole
moments provides ah accurate portrayal of this charge distriution at distances beyond the
typical van der Waals rach of the component atoms. Contained within this description 1s the
tasc charga distirbu’ion of the molecule (including the cipole. quadrapole. eic. momanis). the
locanon of x-bond and lone pairs of electrons, and the location of positively charged sites that
may interact with these. This non-homogeneity of the eleciron density disinbution ther: grves
1S9 to electrostalc interachons betweun two molecuies.

The power and utility of such a detailed dascnption of the electron distribution ar>
dlustrated with three exampies of the structures of the dimers of water, benzene ang *:yt-ogen
The three structures shown in Figure 5 are the mimmum enargy conformers determar.y solely
from a consideration of electrosiatic interactions, where the aloms are regwesanted by “firm”
spheres with the appropnale van der Waals 'adi.d (A steep exponential repuisive potental 1s
used 1n place of a true hard sphere 30 a3 0 allow the optimizaton routines 10 run smoothiy ) “he
structure of the water dimer be basically descrived as a hydracgen bond between the proton of
one waler and an oxygen lone pair. This caiculated gegometry 18 in very good agreement with
the observed structure of the water dimer in the gas phase 3 Further. the energy of interaction
16 9 kcavmol) is 1n very good agreement with both the yxpsnmenta: heat of association
14 6-6.9 kcaymol) as well as the value caiculated trom very high level ab :nitio treatments of
1he water dimer (4 5-5 4 kcaymol) 9 This agreement results becausa the disparson,
polarizaton and exchange interactions tend to cancel each other out. This illystrates that the
nydrogen bond 18 essentially electrosiatic in nature and that it can be treated accurately with this
technique.

The dimers of benzene and hydrogen ustrate that electroslanc interactions make
-mportant contnbutions in determining the geomeines of systems thatl would typically be
descn“ed as non-polar  (Electrostaic intaractions must be present in any system consisting of
non monoatomic molecules ) In benzene (as in ather hydrocarbons). the hydrogen aloms cany
a small net positive charge (+0 05) and tha carbon atoms exhitit a small regauve charge
+ 0 05) The T shape of the benzene dimer resulls from the associancn of the pos:tively
charged hydrogens of ona benzere wiit: the negative x-system of the othar while maximiz:ng the
adistance between he wG x-syslerns This ggometry 18 observed axpuenmaentally for the
gas phase dimar and 18 particularly inlerasting because the consideration of onty aispersion



intaractions would iead to the predichon of a sandwich type structure.‘o The energy of
interaction caicuiated here (0.84 kcalmol) is again similar to the expenmental and other
calculated values. In hydrogen. there 1s a concentration of the electron density between the two
nuciei leaving the ends of the molecules with a positive charge. The T-shape of the dimer then
rasuits from the positive end of one moulecule approaching the negative center of another. The
enargy of interaction 1s not very great (0.05 kcalmol), but this type of interaction 15 observed

for the solid state structures of several diatomic species.
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This use of ACME's to accuratoly represent electrostatic interactions s relatively
nexpensive computationally. Although it may require an hour of Cray computation time to
generate the ACME's of a molecule the size of benzene, inciuding the SCF caiculations, the
optimization of the electros’atic interaction between two systems that contain on the order of one
hundrad atoms can be accomplished in several suconds. Further, the ACME's can be transferred
on an gtom by atom basis so that modeis for macromolecules or surfaces can 08 constructed from
the ACME's of appropriate smaller molecules.

We are currently pursuing this route to develop a structured mode! of the charcoal surface.
As a first order model. we are simply using a graphitic piane. The ACME's for the carbon atoms
are taken 10 be similar to those of the central carbons of the polyacenes napthalene and pyrene.
The charges and dipole moments of the carbons in the polyacenes are smalil, hon-zero quantities
because of the presence of the hydrogen atoms. These quantities are set equal to zero for the
carbons in the graphitic plane on the basis of symmetry. (There could be some net surface
charge and dipole moment normal 1o the surface, but we have ot attempted to include this.) The
carbons do have appreciable quadrapole moments hecause the formation of o and x bonds tends to
pull the electron density away from the nuciear center. Overall, this basic surface will interact
only weakly : an electrostatic sen3s. As a primitive model for the presence of hateroatoms, we
set the charge oi one of the carbons in the plane at 10.25. This is on the order of the charge
separation that is deveioped in polar functionalities such as ketones or nitriies.

The electrostatic energies of interaction of several moiecules were caiculated with this
model and the results are summarized in Table 2. The results in column | are the results for the
interaction with an slectrically neutral carhon plane. The snergies are non-zerc becauss that
carbon atoms do have a net quadrapoie moment as mentioned above. but the net interactions are
rather small. The results in column Il are obtained when a +0.25 charge s placed on one of the
carbon atoms. and the results in column lil are for a -0.25 charge being piaced on one of the
carbon atoms. The interaction energies with the polar molecules CoHF4 and H,0 are rather
subsiantial (2-4 kcal/mol) as wouid be expected. What is more interesting s that the
inleraction energies with the “non-polar- CoH4 and CoF 4 are aiso appreciable (0.5-1.7
kcavmol). The interaction with H, is qurte smail (C.2 Ecaﬁ/mol) but this i8 much greater than
if no charges are present.

We emphasize that these results only include pure electrostatic interactions. To include
first polarization effects, we take the polarizability of the carbons in the plane 1o be that
of an carbon as given in Table 1 Both the energy reqired 1o polarze the carbon plang
because of the presence of the electrostatic fleik of the adsorbate molecule. and the energy of
interaction between this induced polarization fald uf the plane and the electrostatic field of the
adsorbate molecule are included. Howaever. the polarzadon of the adsorbate by either the



induced field of the surface or by charges embeddad in the surface was notincluded. The energies
of interaction with this polarizable and electncally neutral carbon piane are given in column iV,

and these vaiues should be compared with the results for the non-polarnzable. neutral piane n
column |. Again. subsiantial energies are found to resuit for the polar molecules with smalier.

but non-zero. values resulling for the “non-poiar” species.

TABLE 2

Caiculated Interaction Energies (in kcalmol) of vanous Molecules with a Carbon Surface

Sorbate | il ] v

Hp -0.01 -0.14 -0.20 -0.01

CoHg -0.13 -1.24 -0 45 -0.23

CoFg4 -0.08 -0.56 -1.70 -0.44

CoHF3 0.38 -1 60 -2.22 -1.78

H2O -0.87 -3.9€ -3.78 -6 65
CONCLUSIONS

We have demonstrated the separate roles of dispersion and of polarizahorvelectrostanc
interactions in determining the boiling points of a wide vanety of organic compounds. By
inference. this also demonstratas thew importance in sorption behavior. The presence of
charged impunties in a surface was shown 1o greatly enhance the binding of polar molecules to
it. and to somewhat enhance the binding of non-polar specias as well. Even in the absence of
charge centers, the polarizability of the surtace will enhance the binding of polar molecules.
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